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Meeting increasing global demand for food, fibre, and bioenergy requires efficient use of finite resources, and presents a key sustainability challenge to the agricultural industry, scientists and policy-makers. Increased interest in low-input agriculture in recent years has seen the growing development and use of commercial biological inoculants (bacteria and/or fungi) to increase the mobilisation of key nutrients, especially phosphorus (P), and enhance their availability to crop plants. Here, we review the terminology, composition and function of bio-inoculants and the many factors which impact on their efficacy for increasing P availability in different soil and plant environments. We conclude that the beneficial attributes of commercial bio-inoculants for integrated production systems are not clearly defined. Evidence to support their effectiveness is currently confounded by inadequate quality standards and insufficient knowledge of the underlying mechanisms, which have led to contradicting reports on field performance. There is, however, scope to engineer specific inoculant formulae for more sustainable P management in different system-soil-plant combinations, provided future research is properly structured to help understand the complexity and dynamism of microbial functioning and interactions in soils.





Phosphorus (P) makes up ~0.7% of the earths’ crust, making it the eleventh most abundant element (Schwedt, 2001). It is an essential element for plant growth and hence is widely applied as inorganic fertiliser for agricultural purposes; global P fertiliser consumption for 2010 was approximately 37.6 Mt and is expected to increase to 42.3 Mt in 2014, with an annual 3% increase in demand thereafter (Heffer and Prud’homme, 2010). Reserves of mineable rock phosphate (RP), which provide the base raw material for inorganic fertiliser production, are however relatively small and finite (current global reserves estimated at ~ 260 billion tonnes, mostly in North Africa (Van Kauwenbergh, 2010)) and may only last for 100-400 years (Van Kauwenbergh, 2010; Cordell and White, 2011). Over 80% of RP reserves are utilised for fertiliser manufacture production since RP is the only source from which fertilisers can be made in large quantities. Future scarcity of RP may threaten future global food security, particularly so in areas which do not have any RP reserves (e.g. all of Europe). As the economic exploitation of RP becomes more difficult, the cost of P fertilisers will also increase, putting further pressure on agricultural profitability and rural livelihoods. 
This potential crisis is exacerbated by the increased agricultural production that will be required to meet future global demand for feed, fibre, bioenergy and food. Since this enhanced demand is largely expected to be met through yield gains on existing lands (Heffer and Prud’homme, 2010), this will require greater inputs of nutrients, including P. This practise already appears to be occurring in rapidly developing countries; for example, fertiliser consumption in China Asia has increased more than 10-fold in the past 40 yearsat an unprecedented rate in recent years (Sattari et al., 2012). In addition to resource concerns, the generous use of P fertilisers (and other industrial uses of P, for example in washing powders) has created widespread economic, social and environmental problems associated with eutrophication (Dodds et al., 2009). Much of the P applied to agricultural land in the past is now stored in the soil as surplus P. This not only undermines current attempts to reverse the ecological damage and loss to of aquatic biodiversity caused by that eutrophication causes, but is also a potentially unutilised P resource, termed legacy P, that could be used to reduce applications of costly inorganic (manufactured) fertilisers, without affecting crop yields (Sattari et al., 2012; Withers et al., 2001; Sharpley et al., 2013). 
Strategies to reduce reliance on, and make better use of, inorganic P include recovery and use of P from human and livestock waste streams, optimising the application of P fertiliser and better exploitation of existing soil P reserves (Elser and Bennett, 2011; Cordell et al., 2011; Withers et al., 2014). However, the exploitation of soil P reserves is hindered by the fact that the forms, distribution and accessibility of legacy P are complex and diverse, and often not in a form that is readily available for plant uptake. The potential store of legacy soil P is large. Withers et al. (2001) calculated that an average ca. 1000 kg ha-1 of surplus P is stored in UK soils in the productive arable and grassland areas. Cumulative P inputs in European cropland for the period 1965-2007 were also vastly in excess of off-take, with totals of approximately 1115 kg ha-1 applied, compared to an off-takes of 360 kg ha-1 (Sattari et al., 2012). If legacy P was accounted for in nutrient planning, it has been estimated that this could reduce the requirement of inorganic fertiliser by 50% (Sattari et al., 2012).
The integration of biological inoculants (hereon referred to as ‘bio-inoculants’) within integrated nutrient management aims to reduce inorganic fertiliser inputs by helping to exploit legacy P reserves. The global market for bio-inoculants is growing at an estimated rate of ~10% per annum (Berg, 2009); valued at $440 million in 2012 and expected to reach $1,295 million by 2020 (Transparency Market Research 2014). Demand is primarily driven from Asia, where governments, such as China and India, are promoting the use of bio-inoculants through tax incentives, tax exemptions and grants to provide support for their manufacture and distribution. However, it is remarkably difficult to determine the effectiveness of commercial bio-inoculants which are claimed to promote plant growth; dozens of microorganisms, used alone and in combination, are claimed to promote crop yields but in most cases the underlying mechanisms responsible for these beneficial effects are unknown. Furthermore, quality control procedures within the industry and accepted standards to allow product comparison etc. are generally lacking. It is therefore timelier than ever to elucidate the effectiveness and mode of action of bio-inoculants.
Here we review the potential benefits of using commercial bio-inoculants designed to promote plant growth, with an emphasis on P supply through the exploitation of legacy P reserves. We provide a clarification of the nomenclature and classification of bio-inoculants within the broader plethora of terms used to describe “bio-fertiliser”-type products. Finally, we examine the effectiveness of commercially available bio-inoculants on both grass and cereal crop production, which account for the overwhelming proportion of land used for agricultural purposes.
3.	Soil phosphorus and plant uptake
Phosphorus Soluble? phosphorus concentrations in the soil solution are inherently low (Marschner, 1995). Soil P is most conveniently considered as having two origins (Withers et al., 2014): native P, which is released into the soil solution by natural weathering of the soil parent material (primary minerals, (; Fig. 1)), and legacy P (Sharpley et al., 2013), the result of past applications of fertilisers and manures. In 2000, P inputs (fertilisers and manures) across industrialised countries globally were 31 Tg. y-1, while outputs were 19 Tg. y-1, resulting in a P surplus of 12 Tg. y-1. In the UK alone, the 2009 soil P surplus has been calculated to be ~37 kT P. yr-1 (0.037 Tg. y-1) (Bouwman et al., 2013; OECD, 2013), which is 6 kg ha-1 surplus. While this is half of the 2002 value (OECD, 2013), it still potentially poses an environmental risk from run-off or leaching. Global soil P surpluses continue to grow and could rise to as much as 18 Tg. y-1 by 2050 (Bouwman et al., 2013). Changes to farm management could reduce P surpluses by 20%, e.g. shifting from beef to poultry, or solely arable systems to mixed arable and livestock, and improving manure management (Bouwman et al., 2013). There is also potential for bio-inoculants to reduce P inputs by exploiting P soil surpluses.
The release of legacy P into the soil solution depends on the form in which it is predominantly held, but it appears to be more plant-available than native P (Johnston et al., 2014). Plant uptake studies have shown that the inorganic mono/divalent phosphate ion, H2PO4- and HPO42-, constitutes the bulk of plant P assimilation; and although there is some evidence of plant uptake of DNA (nuclease-resistant analogue of DNA) (Paungfoo-Lonhienne et al., 2010), generally the organic P forms must be mineralised; a process mediated by enzymes, chiefly phosphatase and phytase (enzymatic dissolution). 
In the absence of a pool of readily-available P provided by inorganic fertilisers, plants must utilise numerous strategies to acquire soil inorganic (Pi) and organic (Po) quickly and efficiently to ensure an adequate supply of P during the growing season (Richardson and Simpson, 2011). Soil P is transformed to the plant available phosphate ion via one of several mechanisms, dissolution/precipitation (mineral equilibria), sorption/desorption (interactions between P and mineral surfaces) and mineralization / immobilization (transformation of Po to Pi by biological transformations) (Fig. 1). Pi can constitute between 35-70% of the total soil P, whilst the Po fraction can contribute comprise between 30-65%, and in soils with high (>20%) organic matter (OM) e.g. >20-30%, can increase to as much as 90% (Jones and Oburger, 2011). Pi both transformed and/or applied as fertilisers are subject to fixation by soil constituents. Reduced plant soluble phosphate complexes are formed when, for example, hydrous iron and aluminium oxides and luminosilicates, a feature of acidic soils, react with phosphate solutions to produce iron and aluminium phosphates. C, whereas alcareous soils promote the precipitation of calcium phosphates (Stevenson and Cole, 1999).
4.	Bio-resources
There is much interchangeable and confusing use of terms such as bio-inoculant, bio-fertiliser and bio-amendment in the literature. We propose a hierarchical classification in which each is a separate and exclusive group under a generalised classification of ‘bio-resources’. Bio-resources can be defined as any organic material applied to soil to improve soil quality, nutrient supply and plant growth. 
A classification with regard to nutrient supply is shown in Figure 2. Other mechanisms of plant growth promotion (e.g. bio-stimulation) are not shown, but would follow the same principle as laid out in Figure 2. Bio-resources can be separated into those that primarily supply macro- and micro-nutrients for both plants and native soil biota (bio-amendments and bio-fertilisers) and those that provide a secondary nutrient supply by facilitating nutrient acquisition through stimulation or specific adaptations of the soil microbial community composition (bio-inoculants). All types of bio-resource have both primary and secondary nutrient supply functions (Fig. 2), but they can be usefully separated according to their form and principal mode of action:
4.1	Bio-amendment 
A raw organic amendment recycled directly to the soil e.g. livestock manure and green manures. These supply nutrients in inorganic form for direct uptake and in organic form for subsequent mineralisation to inorganic forms (Vessey, 2003). However, they may also contain microbial populations (e.g. rhizobacteria) for secondary nutrient supply and other plant growth promotion functions (Perumal et al., 2012).
4.2	Bio-fertiliser  
A product which may contain micro / macro plant nutrients (primary nutrient supply) or specific organic components which stimulate microbial activity and thereby increase mobilisation of nutrients from soil (i.e. secondary nutrient supply). Examples include the use of plant enzymes and hormones, or tailored materials designed to respond to specific biological cues, such as Rhizosphere Controlled Fertiliser (Erro et al., 2007). 
4.3	Bio-inoculant 
Individual strains or consortia of known microbes that have potential plant growth-promoting benefits (Plant Growth-Promoting Microorganisms;  (PGPM)) added directly to the soil, or as a seed coating when re-seeding. They are tailored formulations utilising current understanding of microorganism function to create bio-inoculants for a range of soil type and cropping systems (Roesti et al., 2006; Ahmad et al., 2013). Those microorganisms with specific attributes for mobilising RP and legacy soil P are termed phosphorus-mobilising microorganisms (PMM).
5.	Bio-inoculant composition and function
The full range of mechanisms whereby PGPM used in bio-inoculants lead to improved plant rooting, growth and crop yield are not fully understood; individual PGPM may possess multiple plant growth-promoting traits (Fig. 3) which influence plant growth not only directly but also indirectly via indigenous PGPM. Disentangling the contribution to plant growth of each PGPM and elucidating potentially complex interactions with other microorganisms is clearly challenging. In addition to the primary benefit of improving nutrient supply to plants, a plethora of other effects may be significant, for example the production of metabolites (phytohormones, antimicrobials, antibiotics) which alter root development or inhibit other microbes (e.g. pathogens). The constituent PGPM used in bio-inoculants can be categorised into two main groups, bacteria and fungi (Fig. 3). These groups can be further categorised into intercellular and extracellular for bacteria (Gray and Smith, 2005); and Root Associated Fungi (RAF), Ecto-mycorrhizas (EcM) and Arbuscular-mycorrhizas (AM) for fungi.
5.1	Bacteria
Mechanisms of plant growth promotion include hormone production, improved plant nutrition (mainly N and P), reduction of plant ethylene levels and induced systemic disease resistance. They can indirectly increase growth through bio-control mechanisms of reducing plant disease or stimulating other microbial symbioses e.g. mycorrhizas (for a detailed review see Antoun and Prevost (2005) and Martínez-Viveros et al. (2010)). Bacteria can be split into two groups with respect to the mechanism of plant association (Fig. 3). Intercellular Intracellular bacteria are those which reside within plant cells, producing nodules localised inside specialised structures; mostly N-fixing rhizobia. Extracellular bacteria are those which reside outside the plant cell and do not produce nodules but may still reside within the plant tissue, in apoplastic spaces, (endophyte), on the rhizoplane (Compant et al., 2010), or even in the phyllosphere (Compant et al., 2008). Extracellular bacteria promote plant growth through the production of a variety of stimulating compounds e.g. hormones, antibiotics and enzymes (Gray and Smith, 2005).
There is a plethora ofare many bacterial commercial products each claiming enhanced plant disease suppression (bio-protectant), nutrient acquisition improvement and/or phytohormone production (bio-stimulants). P improvement mechanisms mediated by bacteria include the production of phosphatases (both alkali and acid), siderophores (Franco-Correa et al., 2010) and lowering of pH through acid secretion (Illmer and Schinner, 1992). The P-mobilising potential of Actinobacteria has seen them exploited as bio-inoculants (Pragya et al., 2012) e.g. Micro 108, a soluble bio-inoculant containing Streptomyces lydicus (WYEC 108) (Kowalski, 2010); the company citing ligand exchange as the main mechanism of increased nutrient availability through the production of siderophores. However, the response of plants to soil inoculation within in the field is difficult to predict (Antoun and Prevost, 2005). The native bacterial populations within the soil may affect the performance of the added inoculant, whilst abiotic factors (e.g. soil pH, water content and temperature) will impact on both native and introduced bacterial species (Antoun and Prevost, 2005).
5.2	Root Associated Fungi (RAF)
Similar As with to bacteria, RAF may reside within the rhizosphere, on the rhizoplane, and in many cases within root tissues (endophyte). RAF confer plant beneficial effects through several mechanisms, for example through inducing resistance to disease and tolerance to abiotic stresses (Waller et al., 2005; Rawat and Tewari, 2011). For instance, Trichoderma spp. synthesise auxins which stimulate lateral plant root development (Benitez et al., 2004; Contreras, 2009) or modify host synthesis of nitric oxide under conditions of pathogen attack (Gupta et al., 2013). Other functions have been categorised as bio-control and bio-remediation (Rodriguez et al., 2009) (Fig. 3). RAF are able to both solubilise Pi and mineralise Po, e.g. Aspergillus and Penicillium spp. inhabiting the rhizosphere can secrete organic acids which mobilise Pi from rock phosphate, as well as phosphatase enzymes, allowing hydrolysis of Po (Bolan 1991; Vassilev et al., 1996;  Barrow and Osuna, 2002).
5.3	Mycorrhizas
The term ‘mycorrhiza’ is derived from the Greek myco-(fungus) and rhiza (root). Mycorrhizas, whilst are associated with plant roots, differentiate themselves from RAF by way of an extensive (extraradical) network of hyphae in the soil which acts as an extension of the plant’s roots system. Efficient exchange of nutrients (sucrose to the fungus and N/P to the plant) is mediated via specialised structures within the roots (e.g. intracellular arbuscules in AM fungi). The basis of these mutualisms is the ability of fungi to form fine hyphae (with more favourable surface area to volume ratio for nutrient uptake) and to secrete enzymes /organic acids to mobilise nutrients. Some 90% of plants form mycorrhizal symbioses (Smith and Read, 2008); 83% of dicotyledonous plants and 79% of monocotyledons (Peterson et al., 2004). They are categorised into seven main groups: arbuscular (AM), ecto- (EcM), ectendo-, arbutoid, ericoid, monotropoid, and orchid mycorrhiza (Smith and Read, 2008). AM and EcM are the most widespread and ecologically important types of mycorrhiza and the only ones commercially exploited in agriculture/forestry (Fig. 3).
AM fungi belonging to the phylum Glomeromycota are the most widely used in agriculture, notably Rhizophagus (formerly Glomus) intraradices and Funneliformis (formerly Glomus) mosseae (Krüger et al., 2012); both of which have been shown to increase P uptake in diverse crop plants (Barea et al., 1983; Douds et al., 2007; Antunes et al., 2009; Williams et al., 2012; Cozzolino et al., 2013). However, AMF are obligate symbionts which can be grown only in the presence of host plants. Thus, bio-inoculants comprising them contain preparations of spore propagated in pot cultures mixed with an inert carrier (Gentili and Jumpponen, 2006). The use of EcM (phylum Basidiomycota) as bio-inoculants is more restricted, since they only infect temperate and boreal forest trees. However, in plantation forestry, both the establishment success and early growth rate of sapling inoculated in nurseries with EcM is known to be enhanced Dalong et al., 2011; Oliveira et al., 2012).
Recent advances have also led to the discovery of new groups of mycorrhizal fungi, for instance Piriformospora indica (in the order Sebacinales; phylum Basidiomycota;order Sebacinales) which appears to have considerable potential as a bio-inoculant. For example, when P. indica was co-inoculated with a plant growth-promoting bacteria (pseudomonads), N and P levels in the host (Vigna mungo) almost doubled (Kumar et al., 2012). Additionally P. indica is not an obligate endosymbiont, so can be readily cultured axenically (Varma et al., 1999) and it can also form mutualistic interactions with groups of crop plants (e.g. Brassicaceae) which were previously considered to be non-mycorrhizal (Camehl et al., 2011).
Outside the root, the fungal mycelium of mycorrhizal fungi forms an extensive network within the soil and leaf litter. The mycelial network extends the plant root rhizosphere, increasing nutrient absorption potential. Mycorrhizas are particularly important for increasing the uptake of slowly diffusing ions such as PO43-, and immobile nutrients such as Zn and Cu. 
The mycelial network is able to solubilise and mineralise P through the production of organic acids and enzymes, respectively (Marschner, 1995; Koide and Kabir, 2000), and has been shown to improve productivity in soils of low fertility, especially P (Smith et al., 2011, Richardson and Simpson, 2011). Colonisation of roots by mycorrhizal fungi has been shown to be negatively correlated with P fertilisation (Treseder, 2004).
The mycelial root system also supports a microbial community (Andrade et al., 1998), in much the same way as the plant rhizosphere does, termed ‘myco-rhizosphere’ (Rambelli, 1973). This hyphal-based microbial community may also mineralise and solubilise recalcitrant nutrient complexes which are then transported to the plant via the mycelial network (Toljander et al., 2007). Seedling tolerance to various stresses e.g. drought, high temperature, toxic heavy metals and pH extremes is also increased (Gupta et al., 2000).
6.	Phosphate-Mobilising Microorganisms (PMM)
Organisms that specifically mobilise native and legacy soil P and any insoluble source of P added (e.g. finely ground RP) are generally referred to as phosphate-solubilising microorganisms (Jones and Oburger, 2011). This terminology however is slightly misleading as phosphate-solubilising microorganisms also mobilise organic P through enzymatic hydrolysis (mineralisation) and facilitate in the translocation of phosphate. A more accurate terminology would therefore be phosphate-mobilising microorganisms (PMM) (Fig. 4). 
Microbial solubilisation of P is widely thought of as the ‘organic acid theory’, in which the two mechanisms of P acquisition involve lowering of pH (directly dissolving mineral P, by proton extrusion) and/or by the release of organic acid anions that exchange for P on soil adsorption sites (ligand exchange) (Oburger et al., 2011; Zhang et al., 2011). Organic acid anions most commonly released by PMM include succinic, citric, gluconic, α-ketogluconic and oxalic (Chen et al., 2006). Whilst PMM may directly mobilise both Pi and Po, indirect mobilisation of P also occurs through:
i)	CO2 released from microbial respiration and which dissolves in soil water to form carbonic acid, solubilises P through reduced myco-rhizosphere pH (Marschne, 1995)
ii)	Redox activity of microorganisms and/or exudates (secondary organic metabolites, e.g. siderophores, enzymes, phenols, amino acids, sugars and organic acid anions reduce metals with variable oxidation states (bound to phosphate) to a lower oxidation state, resulting in more soluble phosphate (Kim et al., 1998))
iii)	Nitrogen assimilation, where protons are exudated following microbial assimilation of ammonium (NH4+). Excreted H+ accompanying the decrease in pH act as a solvent agent for P solubilisation (Illmer and Schinner, 1992)
iv)	Sink theory – P-solubilizing organisms are able to remove and assimilate P from the media and thus stimulate the indirect dissolution of Ca-P compounds to re-establish solution P equilibrium (Halvorson et al., 1990).
7.	Markets and quality control 
The majority of bio-inoculants used in 2012 were mostly rhizobium (nitrogen fixing bacteria), constituting 79% of the global demand. Phosphate-mobilising bio-inoculants were ~15%, with other bio-inoculants, such as mycorrhizal products, making up ~7% (Transparency Market Research 2014). While the market is dominated by N-fixing products, it is expected that P-mobilising products (incl. mycorrhizal) will see increased demand. To date, there appears to be about twelve producers of mycorrhizal inocula in the EU, with producers in the UK, Czech Republic, Germany, Switzerland, Spain and France, and more than 20 others worldwide (the majority residing in the USA) (Vostaka et al., 2008). 
Regulation and quality control of bio-inoculants is hindered by the natural diversity in bacterial and fungal species and variability in their functions, resulting in a lack of a general standard for bacterial and fungal performance and viability (Brahmaprakash et al., 2012). There is much scope for bio-inoculants to vary in their effectiveness/activity, for instance if not stored under conditions that maintain microbial viability or if different culture batches vary in their viability or vigour. Many nations only have voluntary standards for rhizobial products (Bashan, 1998) e.g. Australian Inoculants Research and Control Service, maintained by manufacturers of Rhizobium inoculants (Kennedy and Choudhury, 2002). India however has seen regulatory standards developed for Azotobacter, Azospirillum, PMM and mycorrhizal inoculants (Yadav, 2009). The EU has yet to implement such regulatory standards, and quality control is left to market forces. Current EU fertiliser regulation covers inorganic fertilisers (EC No 2003/2003); however there is scope to extend this regulation to cover organic fertilisers and bio-inoculants. The formation of standards may pave the way to eliminate inferior products from the market place that undermine confidence in the sector (Olsen et al., 1995). The lack of regulation, and concerns that this may raise within consumers, may have been somewhat addressed through the formation of voluntary guilds e.g. The Federation of European Mycorrhizal Fungi inoculum Producers, which has seen 40 companies sign up. Similarly, in the US, the International Mycorrhizal Manufacturers Association and the International Mycorrhizal Society were established to provide standards for global manufacturers of mycorrhizal products and improve confidence in the sector.
8.	Bio-inoculant performance
8.1	Evidence of efficacy
The success of commercial bio-inoculants should be reflected in an economic gain, either through improved yields or reduced inorganic fertiliser applications, or both. They should not be viewed as a replacement for inorganic fertilisers, but as a potential component of an integrated nutrient management strategy that enhances soil nutrient acquisition (e.g. from native and legacy P). 
There is a plethora of products on the market, all of which claim to consist of PGPM, either as single strains or consortia. There is a shortage of peer-reviewed publications that report on studies using commercially available bio-inoculant products, but a summary of recent research with respect to grass (mainly Lolium perenne) and arable crops (mainly Zea mays) is given in Table 1. The results are varied, inconsistent and contradictory, which may discourage companies to allow their products to undergo a rigorous scientific examination. Some researchers do not reveal the products used, for reasons of intellectual proprietary or protection of commercial marketability (Tarbell and Koske, 2007). Of the literature that is available, there is no consensus on the efficacy of bio-inoculant products; and of the few products which are that demonstrated to have a clear (non-substrate induced) plant growth effect, the mechanism of enhancement has not been fully elucidated. A survey of different products by the authors revealed that a number (primarily bacterial) have a very short shelf-life, but whereas for other products ‘use-by’ dates on others were completely absent. The stabilisation of the products with time therefore seems to be highly variable. This lack of consistency in performance between different batches of the same product has been highlighted previously (INVAM, 2008). Furthermore, the distinct lack of consistency in application rates and methods suggested for the different products is of concern (Table 1). 





Table 1: Peer-reviewed publications that have utilised commercially available PGPM products. Studies highlighted in red in the results column indicate that the bio-inoculants did not improve growth/biological parameters of the respective experiment; studies in green gave a positive result. Species names are as reported within each paper (NB: many AM fungi formerly known as Glomus spp. have recently been renamed – see above). Shoot P is a measure of the amount of phosphorous contained within the aboveground biomass; DMY (dry matter yield). 

Product  	PGPM 	Crop	Field / Lab	Result	Application rate	Sterilised                   controls	Ref.
MycormaxJH Biotech Inc. Ventura, US	2 × Glomus5 × Ectomycorrhizal	Zea mays	Lab(sterilised soil)	<5% root colonisation. Increased DMY	1.2 g L-1 soil	No	Wiseman et al., 2009
BEIBio Organics Santa Maria, US	6 × Glomus1 × Gigasporaceae1 × Paraglomus		Lab(sterilised soil/sand)		1.8 g L-1 soil		
AgBio EndosAgBio Inc. Westminster, US	6 × Glomus1 × Gigasporaceae				3.0 g L-1 soil		
AM 120Reforestation Technologies Int., Salinas, US	3 × Glomus			<5% root colonisation. No increase in DMY	3.0 g L-1 soil		
BioGrow EndoMycorrhizal applications Inc., Grants, US	3 × Glomus1 × Trichoderma			<5% root colonisation. Increased DMY	3.0 g L-1 soil		
Die Hard Endo starterHorticultural alliance Inc., Sarasota, US	6 × Glomus1 × Gigasporaceae9 × Ectomycorrhizal1 × Trichoderma				1.2 g L-1 soil		
Mycor Tree root dipPlant Healthcare Inc.	5 × ecto/endomychorrizae			<5% root colonisation. No increase in DMY	Mix with water(not specified)		
Root dip universalTree pro, West Lafayette, IN	AM spores (not specified)Beneficial bacteria						
Mazospirflo-2Soilgro Ltd., South Africa	Azospirillum brasilense		Lab(field soil)	No increase in DMY or shoot P	200 mL 25 kg seed-1	No	Laditi et al., 2012
Eco-TPlant Health Products (Pty) Ltd. South Africa	Trichoderma harzianum, Strain Rifai KRL AG2	Soybean		No significant increase in nodule number/size, shoot P or DMY	1 g kg seed-1		
PHC-BiopackPlant Health Products (Pty) Ltd. South Africa	BacillusPaenibacillus azotofixans	Soybean	Lab(field soil)	Increased nodule mass. No increase in shoot P or DMY	2 teaspoon 4.55 L-1 water	No	Laditi et al., 2012
EM - BioaabNature Farming Research and Development Foundation, Faisalabad, Pakistan	Lactobacillus plantarum Lactobacillus caseiStreptococcus lactisRhodopseudomonas palustrisRhodobacter sphaeroides Saccharomyces cerevisiaeCandida utilisStreptomyces albusStreptomyces griseus Aspergillus oryzaeMucor hiemalis	Vigna mungo	Lab(sandy loam soil)	48% increase in grain yield in combination with NPK fertiliser	500 mL EM dilution  (1:1000)  		Javaid, 2009
EMBionova Hygiene GmbH, Stans, Switzerland		Rotational crops (potatoes, winter barley, alfalfa, winter wheat)	Field(medium utric Regosol)	Did not improve yields or soil quality	110 L ha-1 (applied as a dilution of EM-1 (5% v/v)) 	Yes	Mayer et al., 2010
EMPunto EM, Sanremo, Italy		Lolium perenne	Lab (hydroponics)	35% increase in root length. Increased microbial diversity at root level. No significant increase in shoot DMY	Not specified	No	Baffoni et al., 2012
EM-1Not specified			Lab(loamy calcareous chernozem soil)	Increased soil urease and dehydrogenase when combined with NPK	15 mL kg-1           growth media	No	Jakab et al., 2011
EM-1EMIKO GmbH, Euskirchen-Kirchheim		Lolium perenne	Lab(field soil)	Marginal effects on Corg, Ntotal, Nmin, microbial activity in soil. No increase in DMY	10 L ha-1 	Yes	Schenck zu Schweinsberg-Mickan and Müller, 2009
EMNot specified		Zea mays	Field(sandy loam)	When used in combination with other microbial inoculants reduced inorganic inputs by 50%. Also increased populations of rhizospheric azotobacter	2.5 L ha-1	No	Jilani et al., 2007
BiopowerNot specified	Azotobacter, Azospirillum, Azoarcus, Zoogloea			When used in combination with other microbial inoculants reduced inorganic inputs by 50%	2.5 kg ha-1		
BiostimulatorAgrinova GmbH	Bacillus subtilisAscophyllum nodosum	Lolium perenne	Lab(field soil)	No effects on mineral N in soil. Suppressive effects on microbial-biomass content and activity. No increase in DMY	3 kg ha-1	Yes	Schenck zu Schweinsberg-Mickan and Müller, 2009
Bactofil-BAgrinova GmbH	Azospirillum brasilense,Azospirillum lipoferum, Azotobacter vinelandii, Bacillus megaterium, Bacillus polymyxa, Bacillus circulans,Bacillus subtilis, Pseudomonas fluorescens, Streptomyces albus				10 L ha-1		
Bactofil-ANot specified			Lab(chernozem soil)	Increased soil urease and dehydrogenase when combined with straw	20 mL kg-1           growth media	No	Jakab et al., 2011
Bactofil-AAgrinova GmbH			Lab(field soil)	No effects on mineral N in soil. Suppressive effects on microbial-biomass content and activity. No increase in DMY	10 L ha-1	Yes	Schenck zu Schweinsberg-Mickan and Müller, 2009
Microbion UNCnot specified	Bacterial(not specified)		Lab(chernozem soil)	Increased soil urease and dehydrogenase 	10 mg kg-1            growth media	No	Jakab et al., 2011
		Armoracia macrocarpa	Field(chernozem soil)	Increased N content. No increase in plant P	2 kg ha-1	No	Kovacs and Sipos, 2009
MYKE PRO SG2Premier Tech Biotechnologies, Canada	Glomus intraradices	Zea mays	Lab(mix of sterilised and field soil)	The inoculant significantly improved the P content of the host but only in presence of the resident AM fungal community	 7.5 kg ha-1	Yes	Antunes et al., 2009
		Solanum tuberosum L. cv. Superior	Field(Berks shaley loam)	Increased total fresh weight yield in a high P soil (375 mg kg-1)	15 cm3 plant-1	No	Douds et al., 2007
Aegis®Italpollina, Rivoli Veronese, Italy		Zea mays	Field	Similar plant growth to NPK treatments	25 kg ha-1		Cozzolino et al., 2013
Earth RootsNot specified	Various AMF	Zea mays	Lab(Sterilised nursery mix, bark sawdust clay and sand)	Successfully colonised roots 2 weeks after planting	1 teaspoon pot-1	No	Corkidi et al., 2004
MycoApply endoNot specified	Glomus intraradices				10 g pot-1		
VAM 80Not specified				Successfully colonised roots 6 weeks after planting	1 teaspoon pot-1		
Ascend PBNot specified					1 g pot-1		




8.2	Effects of product types, carrier media and persistence
Known plant-beneficial organisms can be isolated and sub-cultured into pure cultures, and subsequently used in various formulations of bio-inoculants, including wettable powders, granules and bacterial liquid suspensions. Whilst spores persist longer within the soil environment, they are slow to colonise host plants compared to fragments, therefore inoculants generally consist of both (Marin, 2006). 
Ensuring consistency in product type and formulation appears challenging to industry, even between supposedly similar products (Table 1).  The choice of growth media has also shown to be a major factor affecting inoculant success. Using ten commercially available products, Corkidi (2004) found colonisation rates on Zea mays ranging from 0-50%, with no significant effect on overall plant growth. Similarly, Tarbell (2007) found that of eight AMF products tested, only three successfully colonised roots of Zea mays, with colonisation rates of between 0.4 - 8%. The authors also found that one of the inoculants tested, which failed to produce mycorrhizas, contained the root pathogen Olpidium brassicae.
None of the laboratory-based trials were conducted under gnotobiotic conditions. Some trials used sterilised seeds (e.g. Javaid, 2009; Wiseman et al., 2009; Antunes et al., 2012; Laditi et al., 2012), and autoclaved growth media, but the temperatures used may have been inadequate for complete bacterial sterilisation (Wiseman et al., 2009). Several studies did not use sterilised (i.e. heat-killed inoculant) controls, thus eliminating preventing the assessmentbility to decipher  of any potential plant growth effects from the bio-inoculum carrier media (Table 1). This is of importance given that the substrate carriers of some inoculants have been shown to induce greater plant growth over the microbes they contain (Corkidi et al., 2004; Schenck zu Schweinsberg-Mickan and Müller, 2009; Wiseman et al., 2009; Hale, 2012). The choice of carrier substrate of the inoculant is important as the substrate should provide a stable environment for the microbial fractions, prolong product shelf-life and is also the vector for dispersion dispersal or dissolution within soil, post-application (Malusá et al., 2012). Carriers can consist of soil materials (clays, coal and peat), organic materials (composts) or inert materials (vermiculite, perlite) (Smith, 1992; Malusá et al., 2012). Liquid inoculants can be based on broth cultures, mineral or organic oils, or on oil-in-water suspensions (Malusá et al., 2012). 
8.3	Multiple benefits, microbial interactions and adaptations
Bio-inoculant design frequently utilises many genera of microorganisms, offering functional redundancy and/or added plant benefits other than increased P supply. The majority of the non-commercial literature concerning the beneficial effects of PGPM focuses on individual microbial species or strains (Vessey, 2003; Aseri et al., 2008; Prasad et al., 2012). Single species PGPM can have beneficial effects (Roesti et al., 2006; Jansa et al., 2008), but mixed inocula have been shown to be more flexible and productive within variable abiotic and biotic environments (Malusá et al., 2012). It would be prudent for a symbiosis to favour fitter AM in acquiring P. However it has been shown that a diverse community of fungi and associated bacteria are able to supply other macro/micro-nutrients (Hart and Forsythe, 2012), and confer additive benefits to host plants such as improved pathogen resistance (Oehl et al., 2001; Maherali and Klironomos, 2007; Sikes et al., 2010). For instance, Braz & Nahas (2012) found that organic acid production and phosphate solubilisation were greater in co-inoculated cultures of Aspergillus niger and Burkholderia cepacia than as single inoculants.
Conversely, dual inoculation has often been shown to have no effect, or even a negative effect on plant growth. For instance, positive growth responses have been reversed by dual inoculation, even though colonisation rates of the multi-inoculants remained the same (Dodd and Ruiz-Lozano, 2012). Bacillus subtilis and Azospirillum brasilense did not improve plant growth compared to singly inoculated treatments (Felici et al., 2008). Microbial production of the plant growth hormone, gibberellin, by individual Bacillus sp., was reduced when dual inoculated (Gutierrez-Manero et al., 2001). Bacillus spp. have been shown to produce a broad spectrum of antimicrobial compounds which act as bio-pesticides, particularly to active against gram-positive bacteria and fungi which have been found to be more susceptible to their antagonistic effects (Földes et al., 2000). Rhizophagus irregularis and Pseudomonas fluorescens increased plant dry weight of wheat (Triticum aestivum) infected with the pathogen Microdochium nivale but the plant growth-promoting bacteria, Paenibacillus brasiliensis, inhibited this positive effect; an interesting example of the negative interactions of well-known PGPM (Jaederlund et al., 2008). 
Several mechanisms may mediate microbial antagonism, including growth inhibition by diffusible antibiotics and volatile organic compounds, toxins and bio-surfactants (Berg, 2009), competition for colonisation sites / nutrients / minerals, and pathogenicity factors reduced to parasitism (Berg, 2009). Glomus spp., used in most bio-inoculants (Table 1) have been shown to have many PGPM antagonists e.g. Aspergillus niger, Fusarium solani, Streptomyces spp., Trichoderma harzianum and T. koningii (Edwards et al., 1998), Scutellospora spp. (Jeong et al., 2006). Trichoderma is a known myco-fungicide (as well as a PMM) and could potentially inhibit AM within mixed formulations (see Kaewchai et al. (2009) for full antibiosis review of Trichoderma). Due to commercial sensitivity in disclosing blend formulations, investigating such effects is difficult with commercially available bio-inoculants; with authors not specifying strains and instead using generic terms such as ‘Vesicular Arbuscular Mycorrhizas’, ‘Phosphate Solubilising Bacteria’, and ‘Azospirillum (free-living N2 fixing bacteria’ (Das et al., 2007; Tarbell and Koske, 2007; Uyanoz, 2007)). 
For the conifer Podocarpus cunninghamii, the presence of indigenous AM species (Acaulospora laevis) was shown to increase plant growth rates and tissue N and P, compared with non-indigenous Glomus spp., which exhibited a negative effect (Williams et al., 2012). Similarly, fungal fungi isolated from an acidic soil, dominated by insoluble Al and Fe phosphates, were unable to solubilise CaHPO4 (Khan et al., 2009). Native AM have been shown to become? acclimatised (Lambert et al., 1980) such that the plasticity to edaphic stresses is maintained when the AM is cultured within a similar environment (Enkhtuya et al., 2000). Maherali and Klironomos (2007) found that plant biomass in communities derived from native field soil was similar to that in the most productive experimentally-assembled fungal communities. This would have a bearing on inoculum formulations using strains cultured from un-stressed environments e.g. indigenous AM (Funneliformis mosseae) of a mine waste soil increased transfer of arsenic from root to shoot in Plantago lanceolata, whilst non-indigenous F. mosseae restricted plant absorption (Enkhtuya et al., 2000). Significant plant/AM co-adaptation to local nutrient conditions has been found (Johnson et al., 2010; Antunes et al., 2012). Plant growth-promoting bacteria (P. fluorescens) and AM increased yields in a low-nutrient input wheat crop, however PGPM isolated from the rhizosphere of the wheat plants failed to emulate the same yield gains in rice and black gram (Mäder et al., 2011). 
Once established successfully, introduced AM have been shown to decrease the molecular species richnessdiversity of indigenous AM fungal communities in host roots (Koch et al., 2011). Pre-inoculation of seedlings (Leucanthemum vulgare) with Glomus spp. reduced root AM diversity within an AM AM-rich soil, whereas pre-inoculation with Gigaspora did not (Mummey et al., 2009). Differing colonisation strategies between AM species may explain this difference, since the biomass of Gigasporaceae is mostly outside the plant roots, thus reducing competition with indigenous AM within the rhizosphere (Mummey et al., 2009). Priority effects could also be a confounding factor, in that pre-colonised roots have been shown to have exhibit limited colonisation enhancement of total root colonisation by added inoculum (Wiseman et al., 2009). It has been shown that AM do alter mycorrhizal colonisation in the presence of other AM (Pearson et al., 1993), the authors suggesting the competition between the fungi is mediated by the host plant, possibly through carbon supply. 
8.4	Host plant specificity
Mycorrhizal growth dependency of host species can have a bearing on the success of AM colonisation (Hart and Forsythe, 2012). The importance of plants within bio-inoculant design and testing is highlighted by the contradictory results obtained when using differing plant species. For example, maize (Wiseman, 2009) and grapevines showed positive and negative responses respectively to a mycorrhizal inoculant Mycormax© (Baumgartner, 2001), a mycorrhizal inoculant which contains two AM and five EcM fungal species.
Hart (2012) was able to show how host plant characteristics and soil nutrient status affect plant responsiveness to AM. Foliar nutrient levels (N, Ca, P, Mg, K, Na, Fe, Mn, Cu, Zn, and B) in the highly mycorrhizal-dependent leek (Allium spp.) were reduced following AM inoculation when plants were grown in a low-nutrient environment (possibly due to sequestration of nutrients by the AM). In contrast, Plantago spp. with low mycorrhizal dependency responded positively to AM inoculation. However, in both cases the growth responses was were reversed when soil P levels were increased, possibly indicating the parasitic nature of AM, which is dependent on the plant species mycorrhizal growth dependency and soil test P (Hart, 2012). 
8.5	Soils and their management
Soil type has been shown to be a major factor determining microbial community structure, as well as plant growth and rhizosphere nutrient dynamics (Oehl et al., 2010; Marschner et al., 2011; Wagg et al., 2011; Yousefi et al., 2011). Corkidi et al. (2004) found significant interactive effects of a commercial (unidentified) mycorrhizal inoculant and potting medium on both shoot height and dry mass of Zea mays. Bashan et al. (1995), using 23 different soil types, were able to show how soil type affected the persistence of Azospirillium brasilense in root-free media. The authors highlighted abiotic and biotic soil factors had both positive and negative impacts on introduced bacterial proliferation and persistence. Clay, nitrogen, organic matter, and water-holding capacity where positively correlated, whilst CaCO3 and sand texture were negatively correlated with bacterial survival. Soil type was identified as the main cause of increased N mineralisation when using a commercial bio-resource (Laditi et al., 2012) (Table 1). The authors suggested the treated soil contained high levels of Pi, which reduced the N:P ratio, favouring bacterial (Azospirillum brasilense) growth and increasing N mineralisation. PMM did not significantly increase plant (Zea mays) P content within the same soil, although the experimental soil had 377 mg kg-1 P added, which may affect the plant P mobilising efficiency of the PMM (Laditi et al., 2012). Hart (2012) did find that single inoculation with Rhizophagus irregularis increased host (Allium porrum L. and Plantago lanceolata L.) nutrient content, irrespective of soil nutrient status, unlike in contrast to mixed AM treatments. Similarly, using soil with high levels of P, Douds et al. (2007) were able to show a significant increase in total fresh weight of a potato crop using the single strain bio-resource Myke Pro SG2© (Rhizophagus irregularis); whilst Broschat (2009), using a low P soil, showed no significant effect of using four multiple PGPM species bio-inoculant products on Mexican fan palm (Washingtonia robusta). 
Positive lab-based trial results of bio-inocula are often not replicated when applied at the field scale. As mentioned, there are many confounding factors that mask PGPM effects under suboptimal field conditions. For example, much of the experimental data regards using mycorrhizal symbiosis ionocula use single host plants and single strains of fungi, however under natural conditions, the initial carbon cost of a fungal symbioses (which can be as high as 20% of plant photosynthate C (Smith and Read, 2008)) on to a seedling would be greatly reduced as if it its the mycorrhizal fungi colonising its roots were part of a pre-existing would integrate with an established Common Mycelial Network connetected to adjacent established plants(Hodge et al., 2010). Also, sterile experimental conditions may impact AM colonisation strategies, due to the lack of ubiquitous soil bacteria which are known to affect AM colonisation rates (Dhillion, 1992).
Soil disturbance, e.g. tillage, has been shown to exert a selection pressure on AM, with some genera, e.g. Glomus, being better adapted to soil disturbance than others such as Gigaspora, Scutellospora and Racocetra (Maherali and Klironomos, 2007). Gigaspora and Scutellospora have been shown to form fewer intramycelial anastomosis anastomoses (hyphal fusions) than Glomus (De La Providencia et al., 2005) and hence might be more susceptible to any disturbance impacts on of the Common Mycelial Network. Tillage also increases Pi and this increase impacts not just AM diversity, but also the abundance of AM structures; e.g. a study examining the effects of tillage and P-fertilisation found AM spore number positively correlated with both tillage and P-fertilisation, whilst hyphal density was negatively correlated (Sheng et al., 2013). Bio-inoculants may also be susceptible to loss of viability or reduced effectiveness if soil nutrient levels are too high, e.g. high concentrations of inorganic N fertiliser can be toxic to many microbes (Sarathchandra et al., 2001).
9.	Conclusions
The inconsistency of bio-inoculant performance and lack of independent validation does little to stimulate build confidence in their efficacy. This is confounded compounded by the variations in experimental design, product design, carrier substrate, application rates and methods, and inoculum shelf-life. For commercial bio-resources to be effective, it is crucial to appreciate the complexity of the belowground interactions. Each soil environment encompasses an entire ecosystem and within each biome there exists a unique ecological web featuring multiple micro-environments (rhizosphere, mycor rhizosphere). The complexity of the micro-environments is further exacerbated by the numerous interactions among bacteria and fungi, either competing for resources with the plant or facilitating presence and occurrence through modification of each micro-environment. Environmental variables (e.g. pH, moisture, temperature, redox conditions) place further constraints on rhizosphere processes that may affect microbial-soil-root interactions. 
Compatible combinations of inoculated microbes (e.g. bacteria and AM) may enhance plant development within microsymbiont-legume systems. The synergistic/antagonistic effects of microbial inoculants within the plant-rhizosphere are a complex series of interactions, combined with native micro flora and abiotic environmental stress factors. A better understanding of the interactions between PGPM and their mode of action will allow for more efficient bio-inoculant development. 
Elucidating the complex tripartite relationship of plant, soil and PGPM would allow for more informed management practices. This is essential for the development of sustainable agriculture and soil conservation. For example, measuring soil and crop P requirements in combination with an accurate assessment of soil biota would lead to more accurate P recommendations, but also allow for a more appropriate bio-resource to be applied. 
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